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While reasonably satisfactory methods exist for nondestructively deter-
mining t he presence or absence of an adhesive bond, no method ex ists for 
nondestructively determining the strength of what appea rs to be a good bond. 
Gonds that do not attain their full strength can be caused by a thin layer 
of contaminant , improper surface roug hness, and a variety of other surface 
phenomena that are di ffi cul t to detect by conventional methods.l,2,3 One 
technique is to use an ultrasonic pulse to investigate the bond interface. 
Since the amplitude of the pulse reflected by t he bond interface is a function 
of the elastic properties of the bond, i t should be possible to correlate t he 
absolute ultrasonic reflectivi ty with t he bond strength. 
There are several problems with this approach. It has proved quite 
difficult to construct a mathematical model which will predict the reflec-
tivity as a function of the elasticity, damping, and density of the adhesive. 
Even if only stat istical correlations are sought, the absolute reflectivity 
is a difficult quantity to measure accurately since small changes in incident 
angle, surface roughness, and base material attenuation can also affect the 
absolute reflectivity . And from a materials viewpoint, the bond strength may 
not be simply related to such linear material constants as the elasticity, 
damping, and density, and the stress at the interface due to the ultrasonic 
wave is orders of magnitude lower than the stress used t o measut~ the bond 
strength. 
This project addressed only the probl em of making an accurate measure-
ment of the relative reflectivity. Existing mathematical models which treat 
the adhesive bond as an interface between two systems of spri ngs , dashpots and 
inertia l mass show that the acoustic impedance, and thus the acoustic reflec-
ti vity is a function of frequency, and that the5fgrm of this function will vary for changes in mass , damping, and elastici ty.4, • ,1 These mechanical parameters 
of the adhesive bond wou l d be expected to vary with different states of cure 
and over areas of i mproper surface preparation. The reflecti vi ty as a function 
of frequency is a relative measurement and can be rnade insensitive to such 
dist urbing influences as base material attenuation and incident angle. Thus, 
it should be possible to characterize the mechanical parameters of the adhesive 
bond by a reflectivity measurement that is easier to make and more accurate 
than an absolute measurement. 
This approach has the additional advantage that both the magnitude and 
phase of the reflectivity are measured. The phase measurement is especial ly 
important when dealing with adhesive bonds that are thi nner than the acoustic 
wavelength. Under these conditions, the adhesive contributes an acoustic 
reactance term that primarily affects the phase portion of the reflectivity 
function. 
*Work supported under AH1L Contract F33615-75-C-5134, and reported to AFML as 
a Contract Final Report, January 1, 1975- June 30, 1975. 
+Present address, Nuclear Engineerin9 Oeoartment, University of Missouri, 
Columbia, Missouri 
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Experimental Method 
Figure 1 is a schematic diagram of the automated ultrasoni c test system 
used for this program.8 Once every ultrasonic pulse period, the computer 
issues a "trigger" command to the programable digital delay generator (DOG), 
which immediately triggers the ultrasonic pulser. When the ultrasoni c echo 
of interest returns to the transducer, the DOG sends a "sample" command to 
the SHA and a digital sample is taken. The computer controls the time delay 
between the trigger command and the sample command by loading the DOG with a 
digitial number which represents this time delay in increments of 10 msec. 
The system is configured so that a conventional RF mode ultrasonic pulse enters 
the sample-and-hold amplifier (SHA), where a single sample is extracted, 
converted to a digital format by the analog-to-digital converter (ADC), and 
stored in the computer memory. The number of sampl es, the time delay to the 
first sample, the time interval between sampl es, and the ultrasonic pulse 
period are al l controlled by the computer and can be set by the operator through 
the teletype. Typically, a number of data sets are collected and stored on 
the magnetic disk. Later, they are recalled and processed. The processing 
is accomplished by a software Data Analysis Routine (DAR). DAR is capable of 
taki ng forward and inverse fast Fourier transforms (FFT) of both real and 
complex data, performing rectangular to polar conversions, calculating power 
spectra, constructing a variety of filters, differentiating and integrating 
functions, and other basic data analysis tasks. 
As discussed earlier, the ultrasonic system was set up to observe the 
adhesive interface . The electronic gates (analog) shown in Fig. 1 are adjusted 
to exclude superfluous reflections as a data set is collected. Since a 
relative measurement is desired, there is no need for a reflectivity calibra-
tion. The collected data set is then Fourier transformed and converted t o 
a polar (magnitude and phase) format. At this stage, the data is a measure of 
the frequency dependent reflectivity of the adhesive interface as seen through 
a frequency dependent piezoelectric transducer. To remove the frequency 
dependence of the transducer, the following procedure is used. First, a trans-
ducer reference data set is collected from the front surface of the bond sample 
(a water-aluminum interface). This reference data set is collected only once 
but used for all subsequent processing. Second, this reference data set is 
Fourier transformed and divided into the data containing both the transducer 
and interface characteristics. Since the transducer acts as a linear filter 
to the adhesive data, this technique effectively removes the frequency dependent 
characteristics of the interface remain. After the data has been thus 
normalized, i t is plotted for subsequent correlation analysis. 
During the program, each test sample was examined at many different 
positions, but for the purposes of this report, only the test results from 
one of these positions are included. In addition to the samples supplied 
by the Air Force r~aterials Laboratory, some samples of an aluminum-polyester 
bond were fabricated with a polyester thickness of about 10 mm. This was 
done to provide a comparison with the t hin (-100 ~1m) adhesive interfaces 
supplied by the Air Force. 
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Experimental Results 
The frequency profi le of the 10 MHz transducer used in this program is 
shown in Fig. 2. The maximum magnitude occurs at 9.7 MHz and within a 10 MHz 
passband around that frequency, t he phase response is quite linear. The 
automated ultrason ic system has been designed to maintain a high degree of 
accuracy, and, as a resu l t , accurate measurements can be made at power levels 
40 dB bel ow t he maximum response. For thi s particular transducer the 40 dB 
points are below 1 MHz and above 25 MHz . Thus , the frequency graphs show 
the reflectivity from 25 kHz to 25 MHz in steps of 25 kHz . Since there are 
1024 digital samples on each graph, the curves appear to be continuous. 
The accuracy of the magnitude and phase at each frequency is limited 
by the SHA and ADC. Both are designed for 12 bit accuracy and the SHA has 
a 200 psec aperture jitter. For a 25 MHz signal, these specifications imply 
a phase accuracy of ZO and a magnitude accuracy of 0.51. 
The graphs of the ultrasonic reflectivity as a function of frequency 
are shown in Figs. 4-9. For each test sample, t he t ime signal and the magni-
tude and phase angle of the reflectiv ity are shown first . These graphs are 
followed by the transducer-normalized data. This forma t is repeated for each 
test sample. These figures show the reflectivity data from the adhesive bond 
between two pieces of 3.2 mm thick aluminum. For this thickness of aluminum, 
it is possi ble to gate out every reflection except the adhesive-aluminum inter-
face. The time position of t he gated signals for Figs . 4-9 are shown inside 
the box on Fig. 3, which is a complete time scan of the ultrasonic signal 
received from the 3.2 mm thick aluminum sample. 
When comparing the results from the various test pieces, primary 
attention should be paid to the transducer-normalized data. For the magnitude 
data, the first hori zontal l ine above the axis represents a magnitude ratio of 
1.0. Si nce all the measurements are relative, it is possi ble for the magnitude 
ratio t o exceed 1.0. For the phase data, the FFT calculates only a relative 
phase angle which begins at either do or 180° . On the phase angle graphs , 
a horizontal line is placed every 180°. The absolute val ue of the phase 
angle is meaningless, and only relative phase changes as a function of frequency 
are meaningful. 
Since the bond strength of the test sampl es is not known (it will be 
established later by destructive tests ·, see the Appendix) a correlation of 
ultrasonic data with bond strength data is not possible. Instead, the 
following interpretation will emphasize the distinctive features of only the 
ultrasonic data. 
The ultrasonic data (from 4 to 22 MHz) taken as a whole i ndicate that 
there is very little, if any, correlation with the different types of surface 
preparation existing on the test samples. This conclusi on is most easily 
seen by comparing the data shown in Figs. 4d-9d and Figs. 4e-9e. There are 
some minor dev iations in the magnitude ratio, but overall , t he normalized 
responses are virtually identical. Outside the range of 4-22 MHz, both the 
normalized ma~nitude and phase response show some variation. Figures 6e and 
7e have a 360 phase jump relative to Fi g. 6e at the low frequencies. 
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At around 5 MHz, Fig. 9e has a phase jump of 180° relative to Fig. 6e. Thus , 
it appears that the data can be separated into three groups : Figures 4 t hrough 
5, Fig. 7, and Fig. 8 and 9. The fi rst group contai ns the samples labelled 
"As Received", "Sol vent Wiped On ly", and "Solvent Hiped and Abraded". The 
second group contains the "FPL Etch without Alkaline Cleaning", and the 
third group contains the "FPL Etch with Half Alkaline Cleaning" and the "FPL 
Etch". General ly, it is felt that these group distinctions are rather subtle, 
and that if the destructi ve testing shows any correlation, these high and 
low frequencies shoul d be more thoroughly i nvestigated. 
The dip at about 11 MHz in the magnitude response is due to an anti-
resonance condition in the adhesive layer. As can be seen, this dip occurs 
at a slightly different frequency for each test sample, but this merely 
indicates a sl ightly different adhesive thickness for each sample. Usi ng 
this anti-resonance model, the adhes ive thi ckness is an odd mu l tiple of 60 ~m . 
This calculation assumes that the speed of sound in the epoxy materials is 2.7 
km/sec, since it was impractical to measure this velocity in such t hin 
samples. 
In order to remove the effect of adhesive thickness on t he reflectivi ty 
data, an aluminum-epoxy interface was constructed with an epoxy layer about 
10 rrm thick. Two data sets were taken from this sample. The f irst data set, 
shown in Fig. 10, was from the aluminum-epoxy interface. The second data set , 
shown in Fig. 11, wa s from an aluminum-water interface on the same test sampl e. 
Figure 12 displays the results obtained by normalizing the firs t data set by 
the second data set. Figure 12 should display the differences between the 
presence and absence of epoxy on the aluminum surface . 
From 5 to 17 MHz, both the normalized amplitude and phase are virtual ly 
flat. At about 20 MHz there is a 360° phase jump and a corresponding null in 
the amplitude response. Below 5 MHz, the normalized ampl itude increases. This 
data suggests that the significant effects occur either above or below the 
passband of the ul trasonic transducer, and that within the 5 to 17 MHz pass-
band, no distinction can be detected between an aluminum-water interface 
and an aluminum-epoxy interface . 
Sunmary 
Thi s program attempted to characterize adhesive bond strength by a measure-
ment of the ultrasonic reflectivity as a function of f requency. An automated 
ultrasonic system which prov ides both magnitude and phase information was used 
to investigate the echo from the adhesive-substrate interface. Thi s ultrasonic 
data would then be correlated with the bond strength to determine i f this 
technique can be used as a nondestructive measure of bond strength. 
The experimental results demonstrate that phase and magnitude data f rom 
a variety of adhes ive interfaces are quite similar. A few points of dis-
tinction did exist and these were used to group the various test samples for 
correlation with subsequent destructive tests. The dist inctions are qu ite 
subtle, however , and if a correlation with bond strength does appear, a more 
thorough investigation of the t echni que is recommended. 
625 
 
 
0'1 
N 
0'1 
~ 
10 
MEGAHERTZ 
MEGAHERTZ 
1S 
(a) 
20 2$ 
(b) 
25 
Fig. 10. Test results for an aluminum-epoxy (10 mm thick 
epoxy) interface; (a) spectral magnitude; and 
(b) spectral phase angle. 
(a) 
I I \ 
~ j 
I 
r.----.../ 
w 
J 
~ 
10 
MEGAHERTZ 
10 
15 20 2S 
(b) 
2S 
~ . it - ' 
Fig. 11. 
MEGAIIERTZ 
Test results for an aluminum-water interface; 
(a) spectral magnitude; and (b) spectral 
phase angle. 
 
 
m 
N 
'-J 
~ 
0 
r: 
~ 
~.£GAHERT1 
10 
(a) 
f 
L-k-._4-L-L-L-~~ 
15 20 25 
:': ~ , 1 I I I I I · 15 (b) ++-+-I ''' 'Lid~ " ~ '"; " 
HEf.Jtl'fRT7 
Fig. 12. Test results for an aluminum-epoxy interface; 
(a) normalized spectral magnitude; and (b) 
normalized spectral phase angle. 
  
Appendix 
Subsequent to the presentation of this paper, representative adhesive 
bond specimens were destructively tested for the purpose of obtaining bond 
strength data. This information has been included in this Appendix since it 
complements the ultrasonic measurements presented above. 
Lap shear specimens were prepared from adhesive bond specimens which were 
provided by the Air Force. These specimens were then destructively tested. 
Set 1 consisted of a number of 9 x 4 x 1/4" 2024-T4 aluminum panels bonded 
in pairs with FM 1000 epoxy materials. Within this set of specimens aluminum 
surfaces were prepared as: 
Set 1 - Test Specimens 
1. As received (no treatment) 
2. Solvent white 
3. Solvent white abraded (with steel wool) 
4. FPL Etch without alkaline clear 
5. FPL Etch with alkaline clear (1/2 normal time) 
6. FPL Etch with full alkaline clear 
Lap Shear Strengths of Set Specimens 
1. 3780 + 10 psi 
2. 4340 + 10 psi 
3. 4880 + 10 psi 
4. 7320 + 10 psi 
5. 6460 + 10 psi 
6. 7400 ~ 10 psi 
Set 2 consisted of 4 current specimens with variations in adhesive cure 
temperatures. Again these were 9 x 4 x l/8" panels of 2425-T4 a luminum bonded 
in pairs with FM lOOr epoxy adhesives. 
Set 2 - Test Specimens 
1. Cured at 300°F 
2. Cured at 350°F 
3. Cured at 250°F 
4. Cured at 350°F 
The recommended cure temperature was 350°F. The strength is expected 
to be degraded with lower cure temperature. 
Lap Shear Strengths of Set II Specimens 
1. 6210 + 10 psi 
2. 6540 + 10 psi 
3. 600 (void detected) 
4. 6440 ~ 10 psi 
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 DISCUSSION 
MR. BILL MARTIN (Douglas Aircraft ): Isn't the phase angle related to 
attenuation? 
DR. SEYDEL: Yes, it should be. You can't say that it's simply related like 
that. If you look at j ust the simple linear model that takes into 
account the density, the attenuati on and the compliance, the phase 
angle is a function of all those parameters . 
MR. MARTIN: You mean a phase angle is a fu nction of--
OR. SEYDEL: The phase angle is a funct ion of all three of those parameters. 
Now, in certain circumstances it may be a strong function of one or 
the other. The problem here with this linear model is that you don't 
have a good feeling for what those parameters are. 
MR. MARTIN: Can you use Fresnel's reflectivity equation? 
DR . SEYDEL : Yes, except tha t you don't really need the Fresnel equations, 
because you' re at nonnal incidence anyway. So, you don 't need all the 
rigor of Fresnel . 
DR. YIH PAO (Cornell University): I believe those dips you observed or 
peaks you observed in the spectrum should disagree with the principal 
frequency of the specimen. It is like the theory for the cyl inder reported 
by Sachse in a previous paper. It's exactly the same thing. The dips 
or peaks are related to the standing wave frequencies of your aluminum-
epoxy-aluminum layer model. 
DR. SEYDEL: Okay. That could be. 
DR. HENRY BERTONI (Polytechni cal Institute of New York): It seems to me 
that you would get a much bigger difference between epoxy and water 
if you were looking at the shear wave propagation rather than the longi-
tudinal wave. I mean, the difference between jello and water is not 
much different for a longitudinal wave, is it? 
DR. SEYDEL: Yes. I wanted to do the shear wave, and I really wanted to 
have a shear plate transducer which would send out a shear wave normal 
to the surface, but I did not have one of those available. I think that 
is an experiment that needs to be done. Yes , definitely. 
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